Objective: To evaluate the effects of short-and long-term treatment with pegvisomant (PEG) on arrhythmias in acromegalic patients resistant to long-term, high-dose therapy with somatostatin analogs (SA). Materials and methods: Thirteen patients entered the study. All patients started PEG at initial dose of 10 mg daily and then titrated to 5 mg every 6 weeks on the basis of IGF1. A standard 24-h electrocardiography registration was performed in all patients at baseline and after 6 and 18 months of PEG to evaluate: mean (HR), maximum (MHR), and minimum (mHR) heart rate; pauses number (P) and duration (PD); supraventricular episodes (SEs) number and duration (SED); and ventricular ectopic beats (EB) number and duration (EBD). Left ventricular mass (LVM) was also evaluated by standard echocardiography. Results: A slight but not significant decrease in HR, MHR, and mHR was observed after 6-month PEG, whereas a significant decrease in HR (PZ0.03), MHR (PZ0.05), and mHR (PZ0.05) was found after 18-month PEG compared with baseline. LVM significantly (PZ0.05) correlated with MRH (rZK0.50) after short-term treatment, and with HR (rZK0.54) and mHR (rZK0.55) after long-term treatment. Long-term PEG induced the complete recovery of arrhythmias recorded at baseline in one patient and the improvement of rhythm disorders developed after 6-month therapy in another patient. The prevalence of conduction disturbances passed from 15 to 7.7% after long-term PEG. Conclusions: Long-term treatment with PEG reduces HR, MHR, and mHR and improves rhythm abnormalities in acromegaly.
Introduction
Acromegaly is associated with an increased morbidity and mortality for cardiovascular disease, including an increased prevalence of arrhythmias (1, 2) . The exposure to GH and IGF1 excess induces a typical cardiomyopathy (2) , which has been claimed as the most important complication as well as cause of death in acromegaly (2, 3, 4, 5, 6, 7, 8) . Acromegalic cardiomyopathy develops precociously and progressively induces an initial cardiac hypertrophy associated with an increased heart rate and cardiac output, altogether configuring the hyperkinetic syndrome (8) . In the middle phase, hypertrophy becomes more evident, signs of diastolic dysfunction appear, and insufficient systolic function on effort can be documented. In the end stage of untreated disease, cardiac abnormalities may include systolic dysfunction at rest and heart failure (2) .
Cardiac arrhythmias, such as supraventricular and ventricular ectopic beats (EB), paroxysmal supraventricular tachycardia, paroxysmal atrial fibrillation, sick sinus syndrome, and bundle branch blocks, have been recorded in 41-48% of acromegalic patients, particularly during physical exercise when compared with healthy control subjects (2, 9, 10, 11, 12) , and, disappointingly, recovery from acromegaly does not seem to significantly improve this rate (10) . Recently, it has been demonstrated that the relative risk to develop cardiac arrhythmias is about five times higher in acromegalic patients than in healthy control subjects (11) . In particular, the prevalence and the severity of ventricular arrhythmias have been reported to be significantly increased in acromegalic patients (9) . Complex ventricular arrhythmias have been observed in 48% of acromegalic patients compared with 12% of controls (9) , and the rate of ventricular premature complexes has been reported to be strongly related to disease duration and, interestingly, to left ventricular mass (LVM), but not to circulating hormone concentrations (9) . However, supraventricular premature complexes do not occur more frequently in acromegalic patients than in the general population (12) . Furthermore, acromegalic patients frequently show an abnormally prolonged QT interval, configuring the long QT syndrome (13) , known as a risk factor predisposing to potentially fatal arrhythmias and sudden cardiac death (14) .
Both standard electrocardiography (ECG) and 24-h Holter ECG have clearly documented conduction disorders in acromegaly. However, the standard ECG was able to demonstrate only a minority of rhythm disturbances whereas the Holter ECG was able to also show subclinical conduction disturbances in patients with acromegaly (10) .
Control of GH and IGF1 excess, either secondary to surgery or to medical therapy with somatostatin analogs (SA), has been reported to improve or at least to arrest the progression of acromegalic cardiomyopathy. Particularly, 12-month therapy with SA has been reported to successfully improve cardiovascular parameters and cardiomyopathy, leading to a rapid reduction of cardiac hypertrophy and to the improvement of systolic and diastolic performance (15, 16, 17) . First-line SA treatment has also been found to reduce heart rate more significantly than surgery, although the prevalence of arrhythmias was slightly but not significantly changed by both treatments (18) . In acromegalic patients resistant to treatment with SA, the GH receptor antagonist pegvisomant (PEG) has been reported to significantly reduce cardiac mass and to increase ejection fraction in order to improve cardiac structure and performance (19) . To the best of our knowledge, no data are available today on the effects of PEG on rhythm abnormalities in acromegaly.
The present, open-label, prospective study is aimed at investigating the effects of short-term (6 months) and long-term (18 months) treatment with PEG on rhythm disturbances in a cohort of acromegalic patients proven to be resistant to long-term high-dose treatment with SA.
Materials and methods
At study entry, all patients provided a written informed consent, and the Ethics Committee of the University 'Federico II' of Naples approved the study. The inclusion and exclusion criteria, patient characteristics, hormonal assays, and treatment protocol have been described in two previous papers (19, 20) in which clinical, biochemical, and radiological parameters as well as cardiac structure and performance were considered, but cardiac rhythm abnormalities were not evaluated.
Patients
Nineteen patients (eight males and 11 females, aged 47G11 years) were enrolled in this study. All patients but three had previously undergone neurosurgery and three had also received radiotherapy after unsuccessful surgery. All patients but three had been previously treated with SA (octreotide LAR 40 mg monthly or lanreotide 120 mg monthly) for at least 6 months before study entry, without achieving clinical and biochemical control of acromegaly. In fact, in our patients, SA induced a reduction ranging from 8 to 36% in IGF1 levels, so patients were considered clearly resistant to SA, although they could be defined totally resistant in some cases and partially resistant in many cases. Among patients who did not receive treatment with SA before study entry, one entered the study immediately after diagnosis, whereas two received presurgical SA and had disease recurrence after an apparently successful surgery performed more than 10 years before. During the study, six patients prematurely dropped out due to poor compliance with the study drug in four patients after 6 months, acute and severe increase in liver enzymes in one patient after 6 months, and progressive increase in tumor size in one patient after 1 year. Among patients who prematurely discontinued PEG, the man treated with b-blockers was included. Thus, 13 patients (four males and nine females, aged 44G9 years) completed the study. Among patients, none showed abnormalities in serum calcium and/or potassium levels, and none had subclinical or overt hyperthyroidism. The patient profile at study entry is shown in Table 1 .
Study design
This study is an open-label, prospective study. After the baseline evaluation, all patients started the 18-month therapy with PEG. Clinical parameters, including height, weight, BMI, and hemodynamic parameters, including heart rate (HR), systolic (SBP), and diastolic (DBP) blood pressure, were recorded at study entry and every 6 weeks thereafter. Similarly, biochemical parameters (fasting glucose and insulin, serum triglycerides, and cholesterol) and safety parameters (liver enzymes) were measured at baseline and every 6 weeks thereafter. LVM was also evaluated by standard echocardiographic method. This study considered three points: the baseline evaluation, the short-term (6 months) evaluation, and the long-term (18 months) evaluation. 
24-h Holter ECG study
A standard 24-h Holter ECG recording was performed in all patients to investigate mean (HR), minimum (mHR), and maximum heart rate (MHR) and to detect number (N) and duration (D) of arrhythmias, such as sinus pauses (P), supraventricular episodes (SE), and ventricular EB, at baseline and after 6 and 18 months of treatment with PEG. The 24-h ECG was recorded on digital flash memories and then analyzed by a specific software in order to measure all QRS complexes as well as HR, mHR, and MHR and also to identify occasional arrhythmias that could not be revealed by a standard ECG strip. Patients were asked to record a personal diary of all the activities played during the whole monitoring. Pathological supraventricular and/or ventricular arrhythmias were diagnosed when the number of SE and/or ventricular premature beats exceeded 50/24 h. 
Statistical analysis

Results
Baseline
After a 4-month washout of long-acting SA, as per protocol, all patients had IGF1 levels at least 1.3 times above the upper limit of normality. LVM, calculated by the Devereux's equation (21), was above the normal range in both men (241G24 g, cutoff point O177 g) and women (192G52 g, cutoff point O118 g). The 24-h ECG monitoring revealed no conduction abnormalities in 85% of patients. Rhythm disorders, including overt sinus tachycardia and SEs, were found in 15% of patients. Particularly, a 55-year-old woman showed 36 asymptomatic, nocturnal Ps with PD !2.5 s, six SEs with SED of 400 ms, and one EB with EBD of 200 ms. A 47-year-old woman had sinus tachycardia, with HR being 102 bpm at rest.
Short-term (6 months) treatment with PEG
At a mean dose of 20.8G5.3 mg and a median dose of 25 mg daily of PEG, IGF1 significantly decreased (PZ0.001) compared with baseline and resulted in fully normalized levels in 65% of patients. GH levels were only slightly but not significantly reduced. The change in GH and IGF1 levels and the concomitant changes in the metabolic profile after short-term treatment with PEG are shown in Table 2 . No significant change was found in HR, mHR, and MHR ( Fig. 1) , as well as in number and duration of P, SE, and EB. However, in the youngest patient, who showed no rhythm abnormality at baseline, 21 SEs with SED of 920 ms were recorded after 6-month PEG (Fig. 2) .
Long-term (18 months) treatment with PEG
At mean dose of 25.4G10.5 mg and a median dose of 25 mg daily of PEG, IGF1 was significantly decreased (PZ0.001) compared with baseline, whereas no further reduction was found compared with 6-month evaluation. IGF1 levels were fully normalized in 85% of patients. GH levels were similar to those recorded at baseline evaluation and only slightly, although not significantly, increased compared with short-term study. The change in GH and IGF1 levels and the concomitant were significantly decreased when compared with baseline evaluation, and mHR was further reduced (PZ0.02) compared with short-term study (Fig. 1) . After 18 months of treatment, in the youngest patient, SEs spontaneously decreased in terms of number (2) and duration (600 ms), although four asymptomatic, nocturnal Ps with PD !2.5 s were recorded, compared with 6-month therapy (Fig. 2) . Conversely, in the 55-year-old woman with overt conduction abnormalities at baseline, the 24-h ECG monitoring showed the complete disappearance of abnormal P, SE, and EB after long-term PEG treatment (Fig. 2) . Similarly, in the 47-year-old woman with sinus tachycardia at baseline, the reduction of HR was recorded after long-term therapy with PEG (HRZ82 bpm at rest). After longterm therapy with PEG, prevalence of rhythm abnormalities passed from 15 to 7.7%.
Correlation study
The results of the correlation study are shown in Fig. 3 
Discussion
This prospective study first demonstrated that treatment with PEG is not arrhythmogenic and induces a significant decrease in heart rate as recorded by the 24-h Holter ECG monitoring in acromegalic patients. Conduction disorders have been recorded in 41-48% of patients with active acromegaly (9, 10, 11, 12) , even in the earlier phase of acromegalic cardiomyopathy (8) , and in around 17% of patients with disease remission after 6-month lanreotide (22) . In the majority of cases, rhythm abnormalities at Holter ECG have been described as complex ventricular arrhythmias (9, 10, 12) . In the series of active patients of the current study, a lower prevalence of rhythm abnormalities (15%), mainly including SEs, was found compared with previous literature. It is noteworthy that the great majority of patients of the current study had a long history of the disease and most patients were proven to be resistant to high-dose treatment with SA, which was performed for a long period, although with suboptimal response. The reason for a different prevalence and type of cardiac rhythm disorders in the series of patients in the current study is not known. However, the possibility that this evidence is directly related to beneficial effects of previous treatment with SA on Minimum heart rate (bpm) Maximum heart rate (bpm) Mean heart rate (bpm) Figure 1 Effects of short-(6 months) and long (18 months)-term treatment with pegvisomant on mean heart rate (top panel), maximum heart rate (centre), and minimum heart rate (bottom). *Mean heart rate (PZ0.03), minimum heart rate (PZ0.05) and maximum heart rate (PZ0.05) were signigificantly decreased compared with Baseline and minimum heart rate was further reduced (pZ0.02) compared with 6-month therapy.
cardiac arrhythmias, as well as to the SA-induced relatively scant IGF1 levels, decrease cannot be excluded, although it seems to be unlikely considering that even the normalization of IGF1 induced by SA treatment has been described to exert only a slight but not significant change in the prevalence of arrhythmias in patients with acromegaly (10, 18) .
SA have been reported to normalize IGF1 levels in up to 60% of patients and to significantly improve hyperkinetic syndrome in acromegaly (13, 15, 22) . Particularly, clinical and biochemical control of acromegaly induced by medical therapy with SA has been demonstrated to decrease heart rate more significantly than surgery in patients first-line treated with SA (18) , suggesting that SA could directly act on cardiomyocytes and pacemaker cells via somatostatin receptors, which are known to be abundantly expressed in the human heart (23). However, SA are listed among the drugs able to prolong the QT 18-month PEG Figure 3 Correlation between LVM and heart rate. After short-term treatment with PEG, LVM was significantly related to MHR (top panel), whereas after long-term treatment LVM was significantly related to HR (centre) and mHR (bottom).
interval (24), as native somatostatin has been shown to prolong the effective refractory period of the right ventricle in humans (25) . PEG has been demonstrated to normalize IGF1 levels in up to 90% of acromegalic patients (26) and in nearly 80% of those displaying resistance to SA (20) . Control of acromegaly induced by PEG has been associated with an improvement of glycometabolic profile and cardiomyopathy in terms of decrease in cardiac mass and increase in ejection fraction (19) , in order to enhance cardiac performance and to prevent cardiac failure. This study confirmed that PEG induces a significant improvement in hypertrophic cardiomyopathy and demonstrated that after treatment with PEG, LVM significantly correlated with MHR after short-term treatment and with HR and mHR after long-term treatment, suggesting that PEG might exert a beneficial effect on rhythm disorders and hyperkinetic syndrome, known to be the primum movens of cardiomyopathy in acromegaly.
The role of hypertrophic cardiomyopathy and myocardial fibrosis as key factors in the pathogenesis of rhythm disorders, including malignant ventricular arrhythmias and sudden death, has been extensively investigated and elucidated (27, 28, 29, 30, 31, 32, 33) . Heart rate is reportedly inversely associated with LVM (27) . Myocardial fibrosis has been demonstrated to be present in 96% of nonacromegalic patients with arrhythmias and hypertrophic cardiomyopathy (28, 29, 30, 31, 32, 33) and is implicated as an important substrate in the genesis of life-threatening arrhythmias. In active acromegaly, the underlying structural changes of the heart, most likely due to GH and IGF1 excess on cardiac walls, are myocardial hypertrophy, most invariably present, and myocardial fibrosis found in 85% of cases in the largest autoptic series (29) . Therefore, it is likely that hypertrophic cardiomyopathy and myocardial fibrosis are responsible for the rhythm abnormalities in acromegalics as well. Consequently, the improvement of these cardiac abnormalities, where possible, could induce improvement of arrhythmias. In searching early markers of disturbed cardiac function in active acromegaly, Herrmann et al. (34) have focused on the occurrence of ventricular late potentials and have showed that as many as 56% of patients with active acromegaly had late potentials on ECG compared with 6% of patients with well-controlled acromegaly after SA treatment and none of controls. In our patient population, taking into account the long average disease duration (O10 years), the mean age O40 years, the high levels of IGF1 at study entry, the presence of hypertrophic cardiomyopathy in 100% of patients, and the failure of previous long-term high-dose treatment with SA in normalizing IGF1 excess and controlling systemic complications, the presence of rhythm abnormalities does not surprise. It is noteworthy that, despite previous literature reporting that recovery from acromegaly does not seem to significantly improve the rate of conduction disorders (10, 18) , the results of the current study demonstrated that IGF1 normalization was associated with a reduction by 50% in the prevalence of arrhythmias, and in one patient, the complete disappearance of rhythm disorders was observed after 18-month PEG. Moreover, this study is the first to document a significant decrease in HR, mHR, and MHR after 18-month PEG. The mechanism underlying this positive effect of PEG treatment on cardiac rhythm in acromegalic patients has not been completely clarified. LVM reduction is likely mediated by normalization of IGF1 levels, and in turn the significant decrease in LVM after 18-month PEG could significantly impact the prevalence of arrhythmias. However, PEG might exert a beneficial effect on rhythm abnormalities most likely via a direct action on pacemaker cells and on membrane calcium channels, by binding and blocking GH receptors expressed in the cardiac conduction system. It is noteworthy that in a patient of the current study, a dramatic increase in SEs was recorded after short-term therapy with PEG and spontaneously decreased after long-term PEG treatment. The reasons of this unexpected worsening are still unclear, although in this patient IGF1 and LVM were only slightly reduced after 6-month PEG and normalized only after 18-month PEG. Interestingly, in the patient population of the current study, despite a significant reduction of LVM after shortterm treatment, a significant decrease in HR, mHR, and MHR was observed only after 18-month PEG. Therefore, it can be hypothesized that the decrease in IGF1 levels obtained with PEG treatment is able to rapidly reduce LVM but require more time to improve the heart rate because of a possible relapse in hyperkinetic syndrome occurring after SA discontinuation. This hypothesis seems to be confirmed by the evidence that rhythm parameters are significantly correlated with the change in LVM and the change in IGF1 levels only after longterm therapy with PEG. Alternatively, a long time is necessary before the block of GH action on cardiac conduction system induces a definite change in heart rate in patients with acromegaly.
In conclusion, the results of this study demonstrate that in acromegalic patients resistant to long-term highdose treatment with SA, PEG treatment induces a significant decrease in HR, MHR, and mHR, suggesting that this treatment may play an important role in the improvement of cardiac arrhythmias associated with acromegaly. Further studies are mandatory to clarify the exact mechanism by which PEG treatment induces this beneficial effect on cardiac rhythm in patients with acromegaly.
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